Abstract: Simulations of soliton emission and propagation in a linear AlGaAs waveguide with one nonlinear cladding are presented. The device, which has realistic parameters, operates below half the bandgap and emits light into the cladding for a given input power. The use of selective disordering of the MQW guiding layer to realize the linear/nonlinear sections is discussed.
Introduction
The theory of the propagation of light within nonlinear waveguides has been explored both analytically and numerically since the early years of nonlinear optics [1] [2] [3] . In particular, stability studies have shown that, in a waveguide with an asymetrical nonlinear cladding, light can escape from the waveguide into the cladding region [1] [2] [3] . From this, a device called a soliton coupler, in which a second waveguide captures the light emitted by the first, was proposed [4] . This type of highly nonlinear effect requires the local suppression or patterning (C) 1998 OSA 8 June 1998 / Vol. 2, No. 12 / OPTICS EXPRESS 455 of the Kerr nonlinearity in the plane of the device. However, materials in which such effects can be achieved were not available, and the field was abandoned for lack of possible experiments. Recently, it has become possible to create a spatial pattern of the nonlinearity over a multiquantum well (MQW) layer through impurity-free vacancy disordering techniques (IFVD) [5] . In this technique photolithography is used to determine the pattern of the Kerr nonlinear coefficient and can be seen simply as an added step to the fabrication process of integrated optical waveguides in AlGaAs. In this paper we present simulations of a planned experiment using a device based on this technology. As would the first waveguide of the soliton coupler, this device emits light into its cladding region above a given threshold intensity.
Device characteristics

Basic geometry
The waveguide is bidimensional in the sense that the light is confined in both axes of the crosssection. First, a guiding layer is grown by molecular beam epitaxy (MBE) over a wafer between two cladding layers. These layers all consist of AlGaAs of varying Al content to provide the proper refractive-index step. The guiding layer consists of a stack of quantum wells. Confinement in the other axis is provided by a SiO 2 strip over the top layer. The waveguide is illustrated in Fig. 1 .a). The strip is 8 µm wide, the guiding layer is 1 µm thick, and the refractive-index step between the guiding layer and the cladding layers is of the order of 0.1. The effective index method, which will be explained in section 3.1, is used to study more easily (reduction of a two to one dimension problem) the waveguiding in the plane of the wafer. The effective index step in this plane is in the order of 10 -5 . The total length of the device is 5 mm. The waveguide mode is represented in Fig. 1 .b. It can be indeed deduced by its shape that the confinement in the wafer plane is much weaker than in the vertical axis. It is in this plane that the spatial nonlinear effects will occur, and the strong evanescent field in the cladding region will be put to use. It should be noted that we need the waveguide in order to couple correctly with the device, at low energy.
Patterning the nonlinearity
We now want to have a waveguide with only one nonlinear cladding (the right-hand region in Fig. 1 ) and a linear core region. In its as-grown state, of course, the guiding layer is uniform in nonlinearity. The MQW layer exhibits an enhanced nonlinearity compared with its averagecomposition Al x Ga (1-x) As layer [10] . Disordering the MQW returns the stack to its average composition, and hence suppresses the nonlinearity. In addition, there is an increase in the bandgap of the materials, which also reduces the nonlinearity [9] . By disordering the MQW layer everywhere except in one of the cladding regions, we are left with a waveguide bound by a nonlinear medium on a single side. This resulting device is illustrated in Fig. 1 .a. The disordering technique has been demonstrated experimentally with a spatial resolution of less than 1 µm [5] , and a reduction of 60% of the nonlinear Kerr coefficient, n 2 . Our simulations of the propagation within this device were done by means of these real parameters.
Selective disordering using IFVD can be achieved with various techniques [5, 6] . The technique used to demonstrate the principle consists of three steps. First, a SiO 2 layer is deposited on the wafer and is etched to form a mask. Second, the exposed surface of the wafer is passivated by a hydrogen plasma. Finally, the wafer is thermally treated with a rapid thermal annealer. Upon thermal processing of the wafer, the vacancies associated with the Ga out-diffusion in the regions covered with the SiO 2 caps cause intermixing of the MQWs. Therefore only the portion of the MQW layer that is located under the SiO 2 mask is disordered, retaining properties close to that of its average composition. The mask used for this device covers the waveguide region and one of the cladding regions. Thus the MQW layer in the cladding region that is not under the mask will remain close to the as-grown condition.
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Operation conditions
The waveguide is designed to be single mode at a wavelength of 1.55 µm. This wavelength is below half the bandgap of the waveguide material so that there will be little or no two-photon absorption.
Simulations
Description
We have used a one-dimensional spatial beam propagation method (BPM) to simulate the propagation of light within the device. The evolution equation
is solved using a fast Fourier transform (FFT) algorithm. We use the effective-index method to reduce the two-dimensional structure into a one-dimensional problem. The effective-index of the mode in the wafer axis is calculated as a function of position along the cross section of the device. This effective index profile is then used in Eq. (1) as n(x). It is perhaps important to remark that although the beam profile is strongly affected in the plane of the wafer, the nonlinear contribution to the mode in the vertical axis can still be treated as a negligible perturbation to the linear mode. In fact, this is quite essential in order to express the nonlinear effective refractive index as it appears in Eq. (1).
The refractive indices used in the simulations are given in refs. 7 and 8. We treat the MQW layer as an average equivalent layer to determine its linear index. The n 2 values for the MQW layer and the disordered layer are based on the experimental results given in ref. 5 and agree with theoretical values found in refs. 9 and 10. In a first approximation we neglect all linear and nonlinear absorption. While two-and three-photon absorption are quite negligible, we eventually include the effects of linear and nonlinear absorption to test robustness (see section 6).
We used a Gaussian beam as the input to better simulate the experimental conditions. Since the beam profile does not perfectly match the waveguide mode, the beam shape fluctuates slightly as it propagates.
Results
We show in Fig. 2 the output intensity profile from the waveguide animated as a function of input power. The propagating beam is drawn out of the waveguide region for high input powers. One may also note that a small portion of the beam is emitted in the opposite direction. It is emitted at a steeper angle to conserve momentum. The peak input intensity, required to have most of the power to leave the region below the strip, is of the order of 1.5 GW/cm 2 for this device length (5 mm).
(C) 1998 OSA 8 June 1998 / Vol. 2, No. 12 / OPTICS EXPRESS 458 Fig. 2 . Movie of the output intensity (in red) from the waveguide (whose index profile is depicted in blue) animated as a function of input power. It can be seen that the peak intensity shifts to the right as the input intensity increases.
Switching mechanism
The operation of the device is very simple. At low input powers, the propagation within the waveguide can be simulated by a linear model. The light is confined within the waveguide throughout its length, keeping the shape illustrated in Fig. 1 .b. The shape actually fluctuates as the Gaussian input beam accomodates itself into the waveguide mode. At higher powers, the intensity dependance of the refractive index becomes noticeable. The highest nonlinear coefficient is, as explained earlier, in one of the cladding regions. The refractive-index step between the core and the cladding is quite small, allowing for a weak confinement resulting in a large mode and hence a sizeable amplitude of the electric field at this interface. The refractive-index step (keep in mind that it is an effective index step) at the core-nonlinear cladding interface will decrease as the input power is increased, owing to the difference in nonlinear coefficients between these two regions. At sufficiently high powers, the nonlinear contribution to the refractive features a step that equals and opposes the linear refractive-index step at the interface. The result can be seen in the first frame of Fig. 3 . For slightly higher intensities, the index step is reversed and the propagating beam self guides into the cladding region, exiting the waveguide region at an angle. This angle becomes steeper as the input power increases. The minimal switching power is that which makes the index step disappear across the core-nonlinear-cladding interface. We show in Fig. 3 the propagation of the field at (C) 1998 OSA 8 June 1998 / Vol. 2, No. 12 / OPTICS EXPRESS 459 this minimal switching power. The total refractive index is also shown. It can be seen already in the second frame of this movie that the right-hand index step is reversed. From the subsequent refractive index profile, it is clear that the emission can be interpreted as self guiding, or as a spatial soliton once it has cleared the waveguide region. At the minimum switching power, the corresponding spatial soliton in the nonlinear cladding region has a width of 33 µm. Fig. 3 . Movie of intensity (red), linear (green), and nonlinear (blue) refractive, index profiles throughout propagation at the minimum switching power (0.5 GW/cm 2 peak). Note that although the propagation length in this figure is 5 cm, the device length is 5 mm.
Discussion on device length
The switching efficiency can be expressed as the ratio of the spatial displacement of the output beam over the input intensity. The displacement should be large enough to collect both outputs with separate waveguides. Since the displacement is dependent on device length as well on the emission angle, this efficiency could be improved by increasing the device length, and operating at the minimum switching power mentioned in the previous section. It would also improve the switching contrast, i.e., steepen the threshold effect. As seen from Fig. 3 , a lossless 5-cm-long device would provide a 30 µm displacement, roughly a beamwidth, at the threshold intensity. However, a longer device would be more sensitive to losses. Since our goal is to demonstrate the experimental feasability, we have concentrated on a shorter 5-mm device.
Sensitivity to fabrication variations
We have also done some complementary simulations to ensure the device operation is not critical on physical parameters. In this manner we have included linear losses (up to 1 cm -1 ), etch depth (+-0.1 µm) and etch width (+-1 µm) variations, and fuzziness (spread over 2 µm) of the nonlinear coefficient over the disordered/nondisordered interface. Except for over-(C) 1998 OSA 8 June 1998 / Vol. 2, No. 12 / OPTICS EXPRESS 460 etching, the device functions properly for any combination of these variations. Indeed, the most critical parameter is the etch depth. The etch determines the effective index step of the waveguide and thus the confinement strength in the wafer plane. The waveguide is also sensitive to asymmetry. If the etch is too deep or too shallow, the waveguide mode can be cut off. The light then drifts towards the highest-index cladding region even at low intensity. In the case of a 0.1 µm overetch, whose high-intensity output is illustrated in curve no. 5 of Fig.  4 , the light ends up in the right-hand-side cladding region for both low and high input intensities. The output of the device for a peak input intensity of 1.5 GW/cm 2 is shown in Fig.  4 for some variations of waveguide parameters. . Output intensity profiles from the device for a peak input intensity of 1.5 GW/cm 2 for varying waveguide parameters. Curve no. 1 is the output for the device parameters as specified in section 2. The gray strip delimits the core of the waveguide.
Conclusion
We have presented an experimentally feasible simulation of an AlGaAs nonlinear device, which can be regarded as either a switch or a thresholding device. The device consists in a linear waveguide with a nonlinear cladding. This is achieved through the selective disordering of a MQW guiding layer. At high enough powers, the index step that forms the waveguide is compensated by the difference in nonlinearity between the two regions, and light self guides into the most nonlinear region, the cladding. It then evolves as a spatial soliton in this region. Simulations demonstrate the expected operation of the device, how the linear refractive-index step gets overwhelmed by the nonlinear index, and shows the tolerance of the device to expected fabrication imperfections. The device is being fabricated and experimental work will start soon.
